Agarwood is a traditional Chinese medicine used as a clinical sedative, carminative, and antiemetic drug. Agarwood is formed in Aquilaria sinensis when A. sinensis trees are threatened by external physical, chemical injury or endophytic fungal irritation. However, the mechanism of agarwood formation via chemical induction remains unclear. In this study, we characterized the transcriptome of different parts of a chemically induced A. sinensis trunk sample with agarwood. The Illumina sequencing platform was used to identify the genes involved in agarwood formation.
Introduction
Agarwood is an aromatic resin-filled wood that is mainly derived from mechanically wounded, chemically induced, or fungal-infected Aquilaria spp. trees. Aquilaria sinensis is the main plant resource for agarwood in China. Agarwood is a traditional Chinese medicine that is widely used as an analgesic, antitussive, and antiemetic drug [1] [2] [3] [4] . However, agarwood production is highly limited because wild A. sinensis trees are scarce and the rate of agarwood formation from A. sinensis is low [5] . Consequently, agarwood is very expensive, and its existing supply cannot satisfy the huge demand of consumers. Therefore, elucidating the mechanism of agarwood formation is urgent to lay the foundation for improving agarwood quality and production.
Previous studies have demonstrated that agarwood is formed when A. sinensis is mechanically injured, chemically induced, or infected by fungi [6] [7] [8] [9] . Previous studies were mainly concerning agarwood-inducing methods for Aquilaria trees [6] [7] [8] [9] , few reports were focused on agarwood yield and quality evaluation. Up to now, no standard agarwood quality assessment system is available for the whole agarwood industry. The major components of agarwood are sesquiterpenes and phenylethyl chromones [10, 11] , and sequiterpene content has been regarded as an important criteria for the evaluation of agarwood quality [10, 11] . Higher sesquiterpenes contents were detected in chemically-induced agarwood than those in mechanically wounded agarwood and fungal-infected agarwood [8] . Accordingly, the quality and yield of agarwood induced by chemical methods are higher than those induced by mechanical injury and fungal inoculation [8] . Adding salicylic acid and jasmonic acid methyl ester into A. sinensis suspension cells can also induce the production of sesquiterpenes, including α-guaiene, αhumulene, and δ-guaiene, which are characteristic components of agarwood [9, 12] . The "agarwood formation induced by defense response" hypothesis indicates that the duct around a wound can transfer inclusions, such as tannin and resin, into the wound. Furthermore, sesquiterpenes and phenylethyl chromones are produced during the defensive response process, which results in the formation of agarwood at the wound location [13] .
The transcriptomes of healthy and mechanically wounded A. sinensis have been sequenced [13] . Accordingly, 30 putatively encoded enzymes involved in the sesquiterpene biosynthesis pathways including mevalonate (MVA) pathway and 1-deoxy-D-xylulose-5-phosphate (DXP) pathway, and transcription factors have been predicted to be related to agarwood formation. Sesquiterpene synthases, HMG-CoA reductase involved in the MVA pathway for the sequiterpene biosynthesis, as well as the WRKY transcription factor have been cloned and expressed in Escherichia coli, the functions of which were also clarified [13] [14] [15] [16] [17] [18] . It has been reported that sesquiterpene in plant was bio-synthesized by the MVA pathway [16] and the DXP pathway [18] . The two pathways could be divided into three stages including the biosynthesis of isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP), the biosynthesis of direct precursor and the production of terpenoids. [16, 19] . Meanwhile, the sesquitepene content in agarwood from chemically induced A.sinensis were higher than that of mechanically wounded agarwood, indicating the higher quality of chemically induced agarwood [8] . To date, however, the mechanism of agarwood formation via chemical induction remains unclear.
In the present study, the white wood part (B1 sample), the transition part between agarwood and white wood (W2 sample), the agarwood part (J3 sample), and the rotten wood part (F5 sample) of an A. sinensis trunk sample were sequenced. The enzyme expression levels involved in the sesquiterpene biosynthesis pathway and the transcription factors related to the defensive response in different parts of the A. sinensis trunk sample were compared. The results can provide molecular evidence for agarwood formation and elucidate the mechanism of agarwood formation via chemical induction. Consequently, agarwood quality and yield are improved while protecting endangered wild A. sinensis.
Results and Discussion

De novo assembly and analysis
A total length of 54,685,634 clean reads was obtained using the Illumina Hiseq™ 2000 platform. The total sequence length was 4,921,707,060 nt with a high Q20 value of 97.5%, which indicated the high quality of the transcriptome sequencing. Accordingly, 190,109 contigs with average lengths of 324 were obtained, and 83,467 unigenes with average lengths of 702 nt were assembled [19] . The raw data were deposited in the National Center for Biotechnology Information (NCBI) database with the accession number SRP068230. Fig 1 presents the gene coverage distribution of different samples, including the white wood part of the A. sinensis trunk (B1), the transition part between white wood and agarwood (W2), the formic acid-induced agarwood part (J3), and the rotten wood part in the A. sinensis trunk (F5). The significant difference of the gene coverage distributions of B1 and J3 indicated the considerable difference in gene compositions between the agarwood and white wood parts of A. sinensis.
Annotation of the assembled unigenes
The Nr, Nt, SWISSPROT, KEGG, COG, and GO databases annotated 50,565 unigenes. Nearly 40% of the unigenes remained unannotated. Accordingly, 53.83% of the Nr annotated unigenes exhibited an e-value of <1e −30 , which implied high identity. Fig 2A illustrates this e-value distribution, whereas Fig 2B illustrates the species distribution of the best hits. The blast results indicated that the genes of five species (i.e., Vitis vinifera, Ricinus communis, Populus trichocarpa, Glycine max, and Hordeum vulgare subsp. ulga) presented the highest similarity with the unigenes of A. sinensis ( Fig 2C) .
Subsequently, 23,721 unigenes were annotated and grouped into 25 functional classfications ( Fig 3A) . The largest cluster was R (general function prediction only), followed by K (transcription). The relatively high frequency of S (function unknown) indicated that many novel genes would still require further identification in A. sinensis tissues. The GO database annotated 33,262 unigenes. These unigenes were then classified as biological process, cellular component, and molecular functions ( Fig 3B) . The high percentage of unigenes involved in the binding and catalytic activity functions implied various kinds of secondary metabolites and the complex regulation mechanism in agarwood formation from A. sinensis. The coding sequences of 49,282 unigenes were predicted from all the blasted unigenes. The lengths of 17.99% amino acids were longer than 300, and 2.92% of which were longer than 1,000.
Gene differential expression of different parts of the chemically induced A. sinensis trunk Fig 4A shows the comparison results of the unigene expression levels in samples B1, W2, J3, and F5 according to the region per million mappable reads (RPKM) value. A comparison with B1 sample showed that the expression levels of 3,603 unigenes in agarwood J3 sample were upregulated, whereas the expression levels of 4,784 unigenes were downregulated. The differential genes between B1 and W2 were considerably less. The expression levels of 835 unigenes were upregulated, whereas those of 1,589 unigenes were downregulated. Over 20,000 unigenes were downregulated, whereas more than 13,000 unigenes were upregulated when the expression level of the unigenes of B1, W2, and J3 were compared with those of the unigenes of F5. This result indicated the significant difference in components between the rotten wood sample infected by fungi and the healthy tissue (white wood) of A. sinensis. The comparison results implied the incremental changes from the white wood part to the agarwood part. The volcano plots of J3 versus B1, W2 versus B1, and J3 versus W2 showed that considerably more unigenes were upregulated in J3 versus B1 and in J3 versus W2 than in B1 versus W2 ( Fig 4B, 4C and 4D). This finding indicated the significant discrepancies in the comparison of unigene expression levels between J3 versus B1 and J3 versus W2. The differences in the unigene expression levels between W2 and B1 were insignificant.
The enriched pathways were obtained after differential expression genes (DEGs) were annotated by the KEGG database. Differentially expressed genes between samples B1 and J3 based on KEGG classification were shown in S1 Fig. Accordingly, 3 ,590 DEGS were annotated by the KEGG database. The high ratio of the metabolic pathways (30.92%) and the biosynthesis of secondary metabolite pathways (18.3%) in all the DEGs indicated the production of various kinds of metabolites during the agarwood formation process. The high ratio of plant-pathogen interaction pathway (7.44%) implied that unigenes involved in the plant-pathogen interaction pathway also played an important role during the process of agarwood formation by formic acid treatment.
Sesquiterpenoid biosynthesis pathway
The sesquiterpenes contents in samples B1, W2, J3 and F5 were detected by GC-MS according to the method of Gao [9] (S2 Fig) . The types and contents of sesquiterpenes in samples W2 and J3 were listed in S1 Table. The total content of sesquiterpenes was detected in the W2 sample (9.15%), which was much lower than that in the J3 sample (44.32%). No sesquiterpene compound was detected in samples B1 and F5. The detection results of the agarwood obtained using gas chromatography further demonstrated that sesquiterpenes were the main characteristic constituents of agarwood. [10, 11] Therefore, the sesquiterpenoid and triterpenoid The expression levels of the unigene-encoding enzymes, including farnesyl diphosphate and sesquiterpene synthases, involved in the biosynthesis of sesquiterpene by the MVA pathway and DXP pathway were predicted according to the RPKM value. Fig 6 shows the cluster heat maps of the genes involved in the sesquiterpene biosynthesis pathway, including MVA and DXP.
Nine kinds of enzymes and ten kinds of enzymes were involved in the MVA pathway and DXP pathway, respectively [15, 18] . The expression levels of enzymes except ATOT involved in the MVA sesquiterpene biosynthesis pathway reached the maximum value in the J3 sample and exhibited the lowest expression level in the B1 sample. This result implied that the expression levels of these enzymes were probably regulated by the same factor. Furthermore, the prediction results showed that unigenes encoding TPS showed much higher expression level in the J3 sample than other unigenes involved in MVA and DXP pathway in the J3 sample ( Fig  6) , indicating the important role of TPS gene during the process of agarwood formation by formic acid treatment. Regarding the DXP pathway for sesquiterpenoid production, only the expression levels of enzymes DXS and MCS were significantly higher in agarwood. The enzymes in the MVA pathway presented a significantly higher expression level than those in the DXP pathway. The sesquiterpenes were mainly produced in the cytoplast [15] . The biosynthesis of sesquiterpene by the MVA pathway also occurred in the cytoplast [15] , and DXP pathway occurred in plastid [18] . Therefore, the MVA pathway was considered to play a considerably more important role than the DXP pathway in the biosynthesis of sesquiterpenoid during agarwood formation [15, 18] . Sesquiterpenes were the main characterized compounds in agarwood. The quality of artificial agarwood was not as ideal as that of natural agarwood because of the relatively lower sesquiterpene content in the former. The sesquiterpene content of natural agarwood was 60%~70%, which was much higher than that of artificial agarwood (8%~50%) [8] . Therefore, elucidating the sesquiterpene pathway in agarwood using genetic engineering approaches will contribute to the improvement of artificial agarwood quality and yield, which will promote the development of the agarwood industry [8] [9] [10] [11] . 
Differential expression of the transcription factor related to defensive response
The expression of the sesquiterpenoid biosynthetic genes was regulated by the transcription factors WRKY MYC2 and JAZ. The differential expression of the transcription factors WRKY and MYC2 in different A. sinensis samples was investigated in this study. The cluster heat maps of the genes belonging to the transcription factors WRKY and MYC2 were made according to the RPKM value of the corresponding genes (Fig 7A and 7B) . The expression levels of most WRKY transcription factors reached the maximum value in the J3 sample, decreased in the W2 sample, and reached minimum value in the B1 sample ( Fig 7A) . This result indicated a positive correlation between the expression levels of the WRKY transcription factors and the sesquiterpenoid synthesis gene. Phylogenetic analysis of WRKY transcription factors from chemically-induced A. sinensis and other species was shown in S4 Fig. The low similarity between WRKY transcription factors from A. sinensis and other species implied the potential novel WRKY transcription factors in chemically-induced A.sinensis, indicating the possible different transcription regulatory mechanism in chemically-induced A. sinensis compared with other species [20] [21] The expression level of the transcription factor MYC2 in the J3 sample was only slightly higher than those in samples W2 and B1. MYC2 transcription factor plays an important role in the process of the response to jasmonates stimulation in different plants [22] [23] [24] [25] . When plants were stimulated by jasmonates, the SCF protein complex was activated by jasmonates and combined to JAZ protein, leading to the release of MYC2 protein. The released MYC2 protein could further bind to the responsive genes and regulated the physiological process [22] [23] [24] [25] . No significant difference was found in the MYC2 gene expression level in different samples indicated that MYC2 transcription factor did not play an important role in the agarwood formation in formic acid-treated A. sinensis. The rotten wood part also hardly exhibited any WRKY transcription factor expression, which could be attributed to the scarcity of living A. sinensis cells in the F5 sample. The expression level of the MYC2 transcription factor did not exhibit significant discrepancies in different A. sinensis samples, suggesting that MYC2 transcription factor did not play an important role in the agarwood formation by formic acid treatment. (Fig 7B) .
Transcription factors in plants will mediate defensive response by adjusting the signal of response to the environment. S5 Fig shows the plant-pathogen interaction (ko03040) pathway. WRKY is a type of transcription factor involved in the resistance reaction of different plants. WRKY1 is a positive regulatory factor involved in artemisinin biosynthesis, which binds to the promoter of genes that encode sesquiterpene synthases [18] . The regulatory factors WRKY3 and WRKY6 were related to the biosynthesis of terpenes [20] . Two WRKY genes, namely, NaWRKY3 and NaWRKY6, coordinated responses to herbivory. NaWRKY3 was required for NaWRKY6 elicitation by fatty acid-amino conjugates in Manduca sexta larval oral secretions [20] . The two WRKY transcription factors regulated the expression of jasmonic acid biosynthesis genes. The MYC2 transcription factor was mainly involved in the defensive response to jasmonates [24] . Furthermore, the MYC2 transcription factor could only bind to DNA when the plant suffered from jasmonic acid stimulation, which would regulate a series of physiological processes. The expression levels of the sesquiterpenoid biosynthesis genes in Arabidopis were upregulated through the interaction of the MYC2 transcription factor with the DELLA protein [22] . The JAZ protein could bind to the MYC2 transcription factor, and thus, block the binding of the MYC2 protein to the promoter. The JAZ protein was also degraded by the 26S proteosome during jasmonic acid stimulation. Therefore, the expression level of the JAZ transcription factor was upregulated during the defensive response process to complement the decreasing JAZ protein [23] .
Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of unigenes
The expression levels of the unigenes involved in sesquiterpenoid biosynthesis and the transcription factors related to defensive responses were validated. Validation was conducted by investigating the expression levels of the key genes for sesquiterpenoid biosynthesis in different samples, including genes that could encode sesquiterpene synthase (CL984. Contig1_B1, CL5155. Contig1_B1), FPPS (unigene13486_B1), MK (unigene10235_B1), DXS (unige-ne11310_B1), transcriptional factor WRKY (CL3219.Contig1_B1, CL5429.Contig1_B1 and Unigene11466_B1), and transcriptional factor MYC2 (unigene1479_B1, unigene 28250_B1) via qRT-PCR analysis. Fig 8 shows the unigenes CL984. Contig1_B1, CL5155 . Contig1_B1, unigene13486_B1, unigene10235_B1 and unigene11310_B1 exhibited the highest expression levels in the J3 sample, considerably lower expression levels in the W2 sample, and extremely low expression levels in the B1 sample, which was in accordance with the prediction by RPKM value (Fig 8) . Meanwhile, and the expression level of CL984.Contig1 encoding TPS in the J3 sample was considerably higher than the expression level of CL5155.Contig1 encoding TPS in the J3 sample. The qRT-PCR results indicated that the expression level of the transcription factor WRKY (CL3219.Contig1_B1, CL5429.Contig1_B1 and Unigene11466_B1) in the J3 sample was also higher than that in the B1 sample (Fig 8) . However, no significant difference was found in the MYC2 gene (unigene1479_B1 and unigene28250_B1) expression level in different A. sinensis samples (Fig 8) . The results validated the prediction of the cluster heat maps in Figs 6 and 7. This finding demonstrated that the sesquiterpenoid biosynthesis pathway and the transcription factor WRKY that were related to defensive responses played important roles in agarwood formation via chemical induction.
The transcriptome sequencing of healthy and wounded tissues of A. sinensis was conducted and two cDNA libraries were obtained by Xu [13] . It has been reported that the quality and yield of chemically-induced agarwood was higher than that of mechanically wounded agarwood and fungal-infected agarwood [8] . In this study, the transcriptome of four different parts of formic acid-treated A. sinensis were sequenced, this is the first report on the transcriptome sequencing of chemically-induced A. sinensis, more different parts were transcriptome sequenced in our study compared with Xu [13] , which could provide more comprehensive molecular basis for the elucidation of agarwood formation mechanism, thus promoting the future development of agarwood industry. Morever, the mechanism of agarwood formation in chemically-induced A.sinensis in this study could be further investigated by the identification of different sesquiterpene synthases and WRKY transcription factors.
Conclusion
This study investigates the transcriptome profiles of different parts of a formic acid-treated A. sinensis trunk sample with agarwood. To the best of our knowledge, this study is the first to use de novo sequencing and transcriptome assembly for different parts of a chemically induced A. sinensis. The sesquiterpene biosynthesis pathway and transcriptional factor WRKY that are related to defensive responses play important roles in agarwood formation via chemical induction. The results of this study provide a molecular proof for the mechanism of agarwood formation induced by chemical agents, and thus, lays a strong foundation for future improvements in agarwood production and quality using chemical and genetic engineering approaches while protecting endangered wild A. sinensis.
Materials and Methods
Inducing agarwood formation in A. sinensis trunk and definition of the samples
Five year-old matured trees of A. sinensis were selected randomly from experimental base of Xinyi Rare Agarwood Development Co., Ltd., Xinyi, Guangdong, China (22°21 0 N, 110°21 0 E, height 119 m). The trees were approximately 3 to 4 m high, larger than 10 cm in diameter, and distances between every two trees were 50 to 70 cm. A drilling device was used to make holes with 0.5 cm in diameter and 4 to 5 cm in depth in the trunks of trees at a height of 1 m. 500 mL formic acid (pH 2.0) was injected slowly into the xylem part of the tree, which can stimulate the tree to produce agarwood [8, 26] . The agarwood-inducing experiment was carried out in three trees. Samples were collected with not less than 12 months after agarwood induction. The barks of the A. sinensis trees were removed. The white wood in the trunk was defined as the B1 sample. The brown agarwood was defined as the J3 sample. The transition part between the B1 and J3 samples with a light brown color was defined as the W2 sample. The rotten wood in the inner area of the trunk was defined as the F5 sample. S6A Fig shows an 
Total RNA extraction and sample preparation for RNA-Seq
The total RNA of samples B1, W2, J3, and F5 was extracted using the modified guanidinium isothiocyanate-cetyltrimethylammonium bromide method. The quantity, purity, and integrity of the extracted RNA were checked on a 1.5% (w/v) agarose gel using a Nanodrop 2000 spectrophotometer. An HPLC Agilent 2100 was used to detect the RIN value of the total RNA. The samples with higher quality (RNA6.0) were selected for high-throughput sequencing. The extracted total RNAs amounting to 5.0 μg were resuspended in RNase-free water and stored at −80°C until use. The extracted RNA samples were used for cDNA synthesis. The poly (A) mRNA was isolated using oligo-dT beads (Qiagen). All mRNA was broken into short fragments (200 nt) by adding a fragmentation buffer. First-strand cDNA was generated using random hexamer-primed reverse transcription, followed by the synthesis of the second-strand cDNA using RNase H and DNA polymerase I. The cDNA fragments were purified using a QIAquick PCR extraction kit. The purified fragments were then washed with EB buffer for end preparation poly (A) addition and ligated to sequencing adapters. The cDNA fragments (200 ± 25 bp) were purified and enriched via PCR to construct the final cDNA library following agarose gel electrophoresis and cDNA extraction from gels. The cDNA library was sequenced on the Illumina sequencing platform (Illumina HiSeq™ 2000) using the single-end paired-end (PE) technology within a single run. The original image process to sequences, base calling, and quality value calculation were performed using the Illumina GA Pipeline (version 1.6), in which 90 bp PE reads were obtained [27, 28] . All the sequencing processes of different A. sinensis samples were conducted in biological triplicate.
Assembly, comparative analysis, and functional annotation of the transcriptome Transcriptome sequencing was conducted using the Illumina Hi Seq™ 2000 platform. A PE 100 sequencing strategy was used to assemble all the transcriptomes of different samples. All the sequences were examined to ensure their accuracy. A Perl program was written to select clean reads by removing low-quality sequences (over 50% of the bases had qualities lower than 20 in one sequence), reads with over 5% N bases (bases unknown), and reads with adaptor sequences. The clean reads were then assembled using Trinity to construct unique consensus sequences. Adaptor sequences and low-quality sequences were subsequently trimmed. Short sequences (<50 bp) were removed using a customized Perl program. The obtained high-quality sequences were deposited in the NCBI database and de novo assembled into contigs and transcripts. Transcripts with a minimum length of 200 bp were assembled and clustered using the software CLC NGS Cell under default parameters to reduce data redundancy. The longest sequences in each cluster were reserved and designated as unigenes. Searches were performed using local BLASTX programs against sequences in the NCBI nonredundant (Nr) protein and SWISSPROT databases. The e-value cutoff was 1E −5 [29] . Unigenes were tentatively identified according to the top hits against known sequences. The resulting unigenes were used as references to determine the GO and COG terms and were further analyzed using KEGG.
GO classification and pathway enrichment analyses
DEGs were annotated based on the GO database (http://www.geneontology.org/) using Blas-t2GO [30] according to their numerical orders in the Nr database to determine the main biological functions. Blast2GO is an all-in-one tool used for the functional annotation of (novel) sequences and the analysis of annotation data, which have been cited by other articles over 150 times. This tool is also a widely recognized GO annotation software. The GO annotations of each DEG were acquired. The WEGO software [31] was then used to obtain the GO functional classifications for all DGEs. The GO enrichment analysis of functional significance terms in the GO database was conducted using a hypergeometric test to find significantly enriched GO terms in DEGs to compare with the genome background.
Comparative expression analysis
Reads that could be uniquely mapped onto a gene were used to calculate the expression level. The gene expression level was measured by the number of uniquely mapped reads per kilobase of exon RPKM. The RPKM method eliminated the influences of different gene lengths and sequencing discrepancies on calculating gene expression. Therefore, the RPKM value could be directly used to compare the differences in gene expression among the samples. The fold changes of the unigene expression values, with p-values compared with each of the four samples (i.e., B1, W2, J3, and F5), were used to report differential expression. Those with a p-value of <0.05 were considered significant differential expression.
The expression patterns of all the obtained differential expression genes were discovered using the Short Time-series Expression Miner (v1.3.8) [32] . Genes were clustered according to their different expressions in samples B1, W2, J3, and F5. The DGEs that belonged to the same cluster exhibited similar expression patterns with one another. Therefore, clusters with specific expression patterns were selected and verified.
Genes with similar expression patterns typically indicate functional correlation. We performed cluster analysis of gene expression patterns using a clustering software and Java Treeview software [33] [34] .
Validation of gene expression
The unigenes related to sesquiterpenoid biosynthesis and defensive responses in different samples were validated via qRT-PCR to verify the quality of sequences assembled in this study. qRT-PCR was performed using a Mastercycler 1 ep realplex system (Eppendorf, USA) with SYBR Green (Invitrogen, USA) as the fluorescent dye, prepared according to the instructions of the manufacturer. First-strand cDNA was synthesized from 1 μg of total RNA with reverse transcriptase (Takara, Japan) and oligo (dT) 15 primer. The resulting products were used as templates for qRT-PCR. The primers were designed with Primer Premier 5 according to the unigenes. S2 Table presents a list of the specific primers used for qRT-PCR. The qRT-PCR thermal cycling condition for all reactions was 95°C for 1 min and 50 s, followed by 40 cycles of 95°C for 10 s, 55°C for 33 s, and 68°C for 30 s. All reactions were conducted in biological triplicate. The histone gene was used as the reference gene. The obtained C T values were used as the original data to calculate the relative expression levels of different genes to the histone gene via the 2 −ΔΔCT method [34] . 
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